The pre-lytic release mechanism of foot-and-mouth disease virus was investigated by immunofluorescence, acridine orange staining, and electron microscopy in infected bovine and porcine kidney coverslip cultures. Cells with cytoplasmic fluorescence and which were positive for single stranded RNA with acridine orange staining were observed at 2 h after infection. Scanning electron microscopy showed cytoplasmic blebs in all cultures examined 2 h after infection. Rounded cells with virus inclusions began to appear 3 h after infection. Rounded cells and cytoplasmic blebs were shown to have single stranded RNA by acridine orange staining. Immunofluorescence and transmission electron microscopy with immunoferritin tagging demonstrated foot-and-mouth disease virus in cytoplasmic blebs. This study presents evidence for a pre-lytic release of foot-and-mouth disease virus through virus-containing cytoplasmic blebs emerging from infected cells.
INTRODUCTION
Foot-and-mouth disease virus (FMDV), a member of the family Picornaviridae, produces cytopathic changes in cell cultures obtained from various animal tissues (Bachrach et al. I955; Melendez et al. I957; Sellers et al. I959) . Nodular protuberances, cytoplasmic processes, and intracytoplasmic acidophilic masses in FMDV infected cells have been described by several investigators (Melendez, I959; Khera & Dhillon, I962) . However, the role of these cytoplasmic processes and acidophilic masses in the cellular pathogenesis of the virus has not been determined. Intracytoplasmic crystals of FMDV type A1 in primary porcine kidney cells have been reported by Breese & Graves (I966) . Lwoff et al. (1955) suggested that partial lysis of infected cells may play a role in the release of poliovirus. However, Reissig et al. (I956) reported the release of poliovirus from infected cells before cell lysis was observed. A similar pre-lytic release mechanism has so far not been described for FMDV. In our study, a pre-lytic release mechanism for FMDV in cell culture was investigated by the use of fluorescent antibody (FA) staining, acridine orange (AO) staining, and electron microscopy.
METHODS
Cell cultures and media. Secondary bovine kidney cells (BK) and porcine kidney ceils (PK-I5) were used throughout this study. Cells were grown in Eagle's minimum essential Immunofluorescenee. Specific antiserum to the I4oS antigen (Cowan & Trautman, ~967) of FMDV ol used throughout this study was provided by Dr K. M. Cowan, Plum Island Animal Disease Center. The y-globulin fraction of the serum was directly conjugated to fluorescein isothiocyanate by the method of Clark & Shepard (1963 buffer (SPB; pH 7"3), fixed first in 1% glutaraldehyde in SPB and then in 2% osmium tetroxide in the same buffer. Dehydration in graded alcohols up to Ioo % was followed by the addition of amyl acetate. Critical point drying was then carried out and the samples were sputter-coated with gold palladium. The ISI Super III instrument was used for scanning electron microscopy. Transmission electron mieroscopy. Cells scraped from tissue culture bottles were washed with SPB and then lightly centrifuged. The pellet was fixed overnight with ~ % glutaraldehyde in SPB at 4 °C and postfixed for 15 min with 2% osmium tetroxide in SPB. After dehydration in graded dilutions of ethyl alcohol, samples were embedded in epoxy resin (Epon 812; Luft, I96 0, and sections were cut with a diamond knife. They were then mounted on copper grids, stained with uranyl acetate and lead citrate, and examined with the Philips 2o~ electron microscope. Cells used for the indirect immunoferritin study were first mixed with guinea-pig-anti-FMDV ol serum and incubated for 15 min at room temperature. After cells were washed with SPB to remove unreacted serum, cells were treated with ferritin conjugated to rabbit-anti-guinea pig globulin according to the methods of Breese & Hsu 0 9 7 0 -After the cells were washed with SPB to remove unreacted ferritin conjugate, they were processed as described above for TEM studies. 
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RESULTS
Coverslip cultures of BK cells stained with FA conjugate did not have significant fluorescence during the first hour of infection. Cells with cytoplasmic fluorescence began to be observed around 2 h after infection. These early, fluorescing cells were spindle-shaped and 50 to Ioo/~m in length (Fig. I a) . No morphological alterations of these cells were observed, and coverslip cultures had intact monolayers. After 3 h gaps began to appear around the fluorescing cells (Fig. I b) . These cells were rounded, shrunken and had a diameter of 30 to 5o #m. Furthermore, fluorescence was intense and granular, and what appeared to be antigen-containing cytoplasmic blebs (CB) were observed (Fig. I D) . In general, the CB were 2 to 5 #m in diam. Rounded cells with brightly fluorescing inclusion bodies were seen 3 h after infection. These cells (Fig. I c,d) had an average diam. of 15/~m and steadily increased in number as the infection progressed. The rounding of cells followed by their release from the coverslip probably accounts for the empty spaces on the coverslip cultures.
A TEM study using PK-I5 cells showed similar rounded cells with inclusions (Fig, I e) . These cells were from 15 to I8 #m in diam. and had inclusions z to 6/~m in diam. At higher magnification, these inclusions showed virus particles (Fig. I f ) zo to 3o nm in diam.
Coverslip cultures stained with AO during the first hour of infection were not significantly different from nornaal control cultures. Some cells began to show flame red coloured cytoplasm at 2 h after infection in contrast to the brick red coloured cytoplasm of uninfected cultures. Rounded cells began to be seen between the third and fourth hour after infection. As the infection progressed, some of the rounded cells had one or more CB that were flame red in colour (Fig. 2a) indicating the accumulation of single stranded RNA. Later on in the infection, some rounded cells had CB attached with thin cytoplasmic threads (Fig.  2 b) . In general, these rounded cells were much smaller in size than uninfected cells. Rounded cells were i2 to ~5 #m in diam. compared to 2 to 5/~m for their associated CB The morphological development of CB was investigated further by SEM. Coverslip cultures did not differ significantly from normal controls during the first hour of infection. Uninfected cultures and cultures I h after infection had flat, spindle-shaped cells with occasional cytoplasmic protrusions (Fig. 3 a) that were not more than I/zm in diam. The earliest indication of bleb formation was observed in cultures 2 h after infection (Fig. 3 b) . These small CB were I to 2 #m in diam. and larger and more spherical than the protrusions present in normal and I h-infected cultures. At this time, fissures began to appear between cells probably due to the early rounding of cells. Rounded cells were first observed 3 h after infection. As the infection proceeded, some of these cells had one or more CB (Fig. 4a) . Fig. 4 (b) illustrates a rounded cell with many CB and a large gap in the monolayer which is typical of later hours of infection. Generally, the diameter of rounded cells was from 9 to I6 #m compared to 2 to 5 #m for their associated CB. A comparative TEM study using immunoferritin methods also demonstrated CB containing large numbers of virus particles. Because ferritin does not generally penetrate an intact cell or CB, only virus particles found extracellularly or attached to the surface membrane of a bleb were tagged with the ferritin conjugate (Fig. 5) .
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DISCUSSION
The fluorescent antibody method has been used previously to detect FMDV antigens in cell cultures and animal tissues (Mohanty & Cottral, t97oa, b) . However, this is the first report on the use of FA conjugate specific to the I4oS antigen, which is the complete, infectious FMDV particle (Cowan & Trautman, I967) . The specificity of the conjugate provides a distinct advantage over previous methods in detecting mature, virus particles.
Acridine orange staining of cultures has been useful for a comparative study of the development of virus RNA in conjunction with the development of virus antigens observed by FA staining. In conjunction with FA and AO staining, SEM was beneficial in determining the morphology and size ratio of rounded cells to their associated CB and changes occurring in the monolayer culture during the course of the infection. In addition, TEM with immunoferritin tagging experiments were essential in demonstrating FMDV particles in infected cultures.
Though two types of cell cultures (secondary BK and PK-I5 cell lines) were used in this study, results obtained by all four methods (FA, AO, SEM and TEM) were very similar with two exceptions. First, c.p.e, was observed at least I h earlier in BK cells than in PK-I5 cells. Secondly, infected PK-I5 cells adhered to glass or plastic longer than infected BK cells allowing more time for virus inclusions to develop.
No significant changes were observed by any of the four methods during the first hour of infection. This was in agreement with the growth curve of FMDV in which no progeny virus was observed until IOO to I to min after inoculation (Polatnick & Bachrach, 196o ) . Small cytoplasmic protrusions (Fig. 3 a) observed during this time were of no significance since these same structures were also found in normal, control cultures.
Cytoplasmic fluorescence observed 2 h after infection is well in agreement with the concomitant appearance of flame red coloured cytoplasm of infected cells stained with AO and the demonstration of early, progeny virus from growth curve studies of FMDV. Though FA and AO stained cultures were positive at 2 h after infection, no morphological alterations were detectable in either infected cells or monolayer cultures. In contrast, small fissures were detected in the monolayer by SEM (Fig. 3 b) , presumably due to the higher magnification and resolution attainable with this instrument. As previously mentioned, these fissures in the monolayer probably preceded early rounding of infected cells.
Rounded cells and CB were observed in cultures 3 h after infection by all four methods.
These CB were 2 to 5/~m in diam. and were demonstrated to contain single stranded RNA by AO staining. This RNA is most likely of virus origin since CB were shown to contain FMDV by FA and TEM with immunoferritin tagging. The development of rounded cells with FMDV inclusions is described here for the first time. Similar structures have been shown by Hackett (t96~) for vesicular exanthema virus of swine (VES). Presumably the formation of rounded cells with one or more inclusions starts out with an infected cell containing a corresponding number of viroplasmic foci. A large part of its cytoplasm is lost by the formation and release of CB containing virus particles (Figs. I b, 5) . Eventually, the viroplasmic focus is left with a little rim or coat of cytoplasm forming a rounded cell with virus inclusion. The size of these virus inclusions varied from 2 to 6 #m in diam. depending on the number of inclusions per rounded cell.
The release of poliovirus from infected cells before the appearance of cell lysis has been reported by Reissig et al. 0956) . Poliovirus has been shown to be released by emerging from the plasma membranes of infected cells (Dunnebacke et al. I969) . In our study, FMDV has been observed closely associated with plasma membranes of infected cells and CB (Fig. 5) . Cytoplasmic blebs have also been reported for other picornaviruses. Hackett (196I) demonstrated the release of CB filled with RNA-positive granules (stained with AO) in porcine kidney cells infected with VES, while Zee et al. (I967) showed the presence of specific VES antigen by immunofluorescence. Mayor 096I) also used AO staining to show the release of RNA material, in blebs, from poliovirus infected monkey kidney cells. She also demonstrated the presence of specific, poliovirus antigen by FA methods. Levinthal et al. 0969) , using TEM, showed the presence of poliovirus particles in CB of infected human HEp-2 cells. In addition, the present demonstration of FMDV release in CB suggests that this may indeed be a general pre-lytic release mechanism for the picornavirus group. The significance of CB and rounded cells with virus inclusions in the pathogenesis of FMDV needs further study. They may play a role in the preservation and transmission of the virus.
